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ABSTRACT
Driver upper-extremity postures and activities were manually coded in 9856 video frames from 165 drivers in 100 vehicles that were instrumented with interior cameras as part of the Connected Vehicle Safety Pilot Model Deployment study. Drivers had left, right, and both hands on the steering wheel in 64%, 46%, and 28%, respectively, of frames in which the hand placements could be determined. The driver's left elbow was in contact with the door or armrest in 18% of frames, and the driver's right elbow was contacting the center console armrest in 29% of frames. Men were more likely than women to use both the left and right armrests. Women had approximately the same percentage of armrest use across vehicles, but men's usage differed widely, suggesting that armrest design may influence whether people of different statures can use the armrests comfortably. Women were more likely to have a phone in their right hands than men, and women were twice as likely as men to be wearing sunglasses during trips taken in daylight hours.
INTRODUCTION
Naturalistic driving studies (NDS) deploy instrumented vehicles to study many facets of the driving process. The University of Michigan Transportation Research Institute (UMTRI) has conducted many NDS over the past 20 years, studying advanced driver assistance systems and many facets of driving performance. The Connected Vechicle Safety Pilot Model Deployment (SPMD) study was focused on testing vehicle-to-vehicle and vehicle-to-infrastructure communication technologies (Bezzina and Sayer 2015) . As part of that study, 100 drivers who owned small sedans were recruited to have their vehicles instrumented. The vehicles were equipped with sensors to record a wide range of vehicle performance data. Cameras were mounted on the vehicle to record the exterior scene, and one camera was mounted near the inside mirror to record the driver's activities.
The driver video provides a rich opportunity to quantify many aspects of driver behavior. The current analysis is focused on upper extremity activities, with a particular focus on resting postures. Video frames were sampled from a selection of trips with each equipped vehicle. A coding methodology was developed to categorize the upper extremity postures and activities, along with a few other aspects of driver behavior. The data were summarized to identify the distribution of behaviors as a function of driver and trip attributes.
METHODS

Database
The SPMD database contains a large amount of data that can be accessed by queries indexed by vehicle, trip, and many other variables. Figure 1 shows a sample video frame, demonstrating the typical view of the driver. The records span weeks of driving and dozens of trips for each vehicle. UMTRI has developed specialized software for viewing and analyzing naturalistic driving data, including video. In this study, this software was used to sample from within this large dataset and to manually code patterns of armrest usage from the video data. 
Vehicles
One hundred vehicles were included in this study. All were passenger sedans from GM, Ford, and Honda. The vehicles included are listed in Table 1 and Figure 2 shows examples of interiors from vehicles of the same make, model and model year. 
Data Acquisition System
In addition to collecting video data of the cabin, the data acquisition system in the vehicles recorded the information in Table 2 at 10 Hz. The vehicle's GPS position, speed, and heading were recorded as defined by the SAE J2735 standard (Bezzina & Sayer 2015) . 
Participants
The SPDM did not require the vehicle to be driven solely by the owner of the vehicle. Therefore, half the vehicles sampled had more than one driver, with twelve vehicles having three drivers, two vehicles having four drivers, and one having five drivers. A total of 165 drivers were observed (96 women and 69 men). Screen shot of each individual driver was taken ( Figure 3 ) and stored with an assigned driver number. For each trip coded, the reviewers checked the photos to determine and record which driver was present in the video.
Front seat passengers were present in 18% of the frames coded. However, in some vehicles only the left side of the passenger's body was visible; gender and age were impossible to determine in most of those cases, a total of about 10% of passenger observations. Of the other frames, 60% of the front seat passengers were women and the remainder men.
The SPDM did not regularly record participant age, stature or weight. Therefore, the age and build of participants was estimated from video. Due to the imprecision of this method, age was grouped into three categories: less than 30 years, between 30 and 60 years and over 60 years. Tables 3 and 4 list the age distribution of the drivers and passengers in the frames coded. Participant weight relative to stature was categorized as lean, heavy or obese, which would roughly correspond to a body mass inex (kg/m 2 ) of <25, 25 to 30 and >30 respectively. Of the frames coded, the driver was categorized as lean in 65%, overweight in 30% and obese in 5%. This level of obesity is much lower than the population as a whole (approximately 30% of US adults are obese), so these values are likely to be skewed low. Of the frames with a front passenger present, the passengers were categorized as 67% lean, 24% overweight, and 2% obese. Customized Video Coding Tool Figure 4 shows a screenshot of the coding tool developed for this study. Radio buttons allowed only one response per question, and check boxes allowed multiple responses. The details of the coding tool interface are described below.
Driver and Passenger Physical Characteristics and Torso Orientation
Figure 5 and 6 show the areas of the coding tool where investigators recorded information characterizing torso orientation and physical characteristics the driver and front passenger. Torso orientation was referred to as "Torso Lean" to the right, left, forward or none. Examples of the postures are in Figure 7 . Physical characteristics included gender (male, female or unknown in the case of some passengers), weight category (lean, heavy, obese), age (<30 years, 30-60 years, and >60 years), whether the driver was wearing sunglasses (yes or no) and hair color (dark or light) to help distinguish between different drivers and passengers within a car. Figure 8 and Tables 5 and 6 detail how the location and possible interactions of the elbow, forearm and hands of the driver and front passenger were recorded the coding tool. The locations where the occupants touched the armrest was divided into three areas show in Figure 9 , front, top and side. The zones of possible limb contact with the rest of the body are shown in Figure 10 , and the elbow, forearm and hand was divided as shown in Figure 11 . Example of "Can't tell" on left, though reviewers were instructed to scrub forward or backward several frames to get more information to do the coding
Driver Upper Limb Location with Detailed Information on Armrest Usage
Rare Events
To keep the form from being too crowded, rare events were entered in the notes area of the coding tool ( Figure 20 ). The wording of the rare events notes was standardized into a four-word pattern which included 1) the occupant position 2) the who, what or where 3) direction, side, or type of action and 4) the item, type of occurrence, duration or other descriptor. The codes were organized into a spreadsheet that all coders used. Once a code was developed, it was copied and pasted into the coding tool for any following occurrences. Rare events coded are listed in Tables 7-9 , with examples in Figures 21 -22 . Figure 20 . An example of entering rare events in notes area of coding tool in which the first entry indicates that it is "Driver 2" instead of "Driver 1", and the second entry records that the left hand of the passenger is touching a bag. 
Sampling Strategy
Vehicles in the SPMD dataset that had data from at least 100 separate trips and traveled over 1000 miles over the course of SPDM were included. In these vehicles, only trips that lasted longer than 5 minutes were included. Ten trips with duration of greater than 5 minutes were selected from each of the vehicles and 10 frames were coded for each trip. Within each trip the first coded frame was 10 seconds after the start of the video and the last frame was 5 seconds from end of video. The remaining 8 frames were equally spaced over the duration of the trip. The trips were then assigned to the reviewers and placed in an interactive table (Figure 23 ) from which they could click a link that brought the video up in the viewer at the frame to be coded.
Based on this sampling strategy, approximately 25% of the trips were at night (after sunset and before sunrise). Trip length ranged from 5 minutes to 2.5 hours with an average trip length of 16 minutes ( Figure 24 ). 
RESULTS
A total of 9856 video frames were coded. In less than 2% of these frames, driver data were not available, either due to obstruction of the camera view or the driver not being in the vehicle. All percentages reported below exclude those frames from the denominator.
The responses were tallied for each question and across all responses the notes field. The Appendix contains tallies for all responses. Tables 10 and 11 list summary statistics regarding the driver's upper extremity postures and actions. The driver's right elbow or forearm was in contact with the console armrest in 36% of frames, with the contact on the top of armrest more than three times as frequently as with the front. Elbow or forearm contact with other parts of the armrest observed in less than 1% of frames. The driver's right hand was in contact with any part of the armrest in less than 1% of frames. Drivers' right hands were in contact with the steering wheel in 45% of frames and interacting with an object in about 10% of frames, including in contact with a phone in 6% of frames.
Coding of the driver's left upper extremity was more challenging due to the camera angle, with the results indeterminate in about 10% of frames, depending on the body part. In about 10% of frames, the driver's left elbow was in contact with the door armrest and on the window/beltline in about 7% of frames. The driver's left hand was in contact with the steering wheel about twice as frequently as the right hand and interacting with objects, including phones, about half as frequently. Drivers had both hands on the steering wheel in about 28% of frames.
As noted above, passenger data were sparse. In about 8% of the frames, a passenger was present and had a forearm or elbow in contact with the top of the center console armrest.
Among the observations coded in the notes section of the input form, only a few were seen in 1% or more of frames. A cup or other beverage container was observed in the console cupholder in 12% of frames, although the cupholder was difficult to see in some vehicles. Some other object was observed in the cupholder about 2% of the time.
The Appendix contains tabulations of frequencies for each coded variable. For the notes section, the frequency of occurrence of each response from the coders is tabulated. Among the observations:
• in 60% of coded frames the driver was a woman,
• drivers were wearing sunglasses in 17% of frames,
• drivers were leaning appreciably left or right in less than 1% of frames, and
• the driver had a phone in his or her lap in about 2% of frames. 
Covariate Effects
Chi-square analysis demonstrated that some aspects of upper-extremity posture were associated with driver and vehicle attributes. Male drivers were about 4 times as likely to rest their left elbow on the window/beltline than female drivers (12% vs. 3%). Men were also more likely than women to rest their elbows on the armrest (14% vs. 9%). Male and female drivers had their left hands on the steering wheel in approximately the same fraction of frames (61% vs. 65%).
Male drivers rested their right elbows on the top of center console armrest about twice as often as female drivers (40% vs. 20%). The ratio for forearm contact was similar (12% vs. 6%). Female drivers were more likely to be interacting with an object with the right hand (11% vs 7%) but the fraction of frames with the right hand on the steering wheel was similar for men and women (42% vs. 48%). Female drivers were more frequently holding a phone in the right hand than male drivers (7.5% vs. 4.8%). Women were about twice as likely to wear sunglasses during the 75% of trips taken during the day (29% vs. 15%).
A potentially interesting relationship between vehicle model and console armrest use was observed. Table 11 shows tabulated observations for a binary variable indicating whether the right elbow was in contact with the top of the armrest. As noted above, women outnumber men in the sample, and women were less likely than men to use the console armrest. Only data from vehicle models for which at least 500 frames were coded and the data were collapsed across model years to obtain >500 samples per vehicle. The fraction of coded frames with male drivers varied across vehicles, from 70% in the Impala to 28% in the Civic. For women, the use of the armrest was similar across vehicles between 19% and 26% of frames. However, the usage rate for men was markedly different across vehicles, ranging from 69% in the Impala to a low of 25% in the Civic. 
DISCUSSION
This study is the first to look in detail at driver upper extremity postures in a large sample of naturalistic data. The data show that the inboard (console) armrest is used about twice as often as the outboard (door) armrest. Drivers had their left hands on the steering wheel more often than their right hands and interacted with other objects, including the vehicle console, more often with their right hands. The data showed some strong gender effects, with men more likely to use the armrests on both sides. This may be due in part to the armrests being fixed with respect to the vehicle while the seat moves fore-aft to accommodate drivers' body sizes. Women, who on average sit further forward, experience armrests that are on average further rearward relative to their body position.
The analysis by vehicle model showed some differences in male armrest use across vehicles, although the sample sizes are relatively small when looking at individual vehicle models. Nonetheless, these results suggest that it may be interesting to look at the extent to which armrest design affects driver's armrest usage patterns, and how the design interacts with driver body size. The current sample of vehicle models did not including any seat-mounted armrest designs, which would provide a more consistent experience independent of seat position.
Comparison data in the literature are sparse. Walton and Thomas (2005) reported drivers using two hands in 25% of on-road observations, consistent with the current study. However, that study was conducted in New Zealand using roadside observations rather than in-vehicle camera data.
This study is limited primarily by the sample size with respect to drivers and vehicle models. The data included 165 unique drivers in 100 vehicles; 50 or more frames were coded for 92 drivers. The relatively small number of drivers reduces the ability to assess the associations with drivers' attributes such as gender. The limited number of vehicles is also a substantial limitation. All were midsize sedans with front bucket seats. Vehicles from other market segments, such as pickup trucks and SUVs, may have produced different data. Future studies should examine upperextremity activities across a wider range of vehicles. Improved camera coverage and higher video resolution would reduce the number of frames in which the activities could not be discerned. 
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